Prolongation of the action potential has been postulated to be a major reason for the altered diastolic relaxation of the heart in patients with severe heart failure. To investigate the electrophysiological basis for this action potential prolongation in terminal heart failure, K' currents were recorded in single ventricular myocytes isolated from 16 explanted hearts of patients undergoing transplantation. Results from diseased hearts were compared with ventricular cells isolated from six undiseased donor hearts. Action potential duration was significantly prolonged in cells from patients with heart failure. A delayed rectifier K' current was hardly detectable in most cells, and if it could be recorded, it was very small in both diseased and undiseased cells. When currents were normalized for cell surface area, the average current density of the inward rectifier K' current was significantly reduced in diseased cells when compared with normal control cells (hyperpolarization at -100 mV, -15.9±2.2 vs -9.0±+1.2 pA/cm2; P<.01). In addition, a large transient outward K+ current could be recorded in human myocytes. The average current density of the time-dependent component of this transient outward K+ current was significantly reduced in heart failure (depolarization at +40 mV, 9.1+ 1.0 vs 5.8±0.64 pA/cm2; P<.01). Action potential prolongation in severe heart failure may partially be explained by a reduction in current densities of the inward rectifier K+ current and of the transient outward K+ current. These alterations may thereby have a significant effect on cardiac relaxation.
rolongation of the action potential is a prominent feature of human ventricular myocardium from patients with severe heart failure. Gwathmey et al12 have shown that such a prolongation can be found in isometrically contracting ventricular muscle from patients with terminal heart failure or with. severe cardiac hypertrophy. This has also been reported to occur in a variety of species and animal models of cardiac failure and hypertrophy.2-6 Although the mechanism of excitation-contraction coupling in the heart is thought to be through Ca'+-induced Ca ' release,78 prolongation of the action potential may have a pronounced effect on excitation-contraction coupling, especially on diastolic [Ca 2]i decline and on the Ca 2 load of the sarcoplasmic reticulum. 9 We have previously demonstrated that, in myocytes isolated from myocardium of patients with terminal heart failure, action potentials are prolonged at all frequencies when compared with cells isolated from undiseased hearts.9 Furthermore, when Ca 2 currents were corrected for cell surface area, the unstimulated Ca 2 current density was found to be unchanged,9 thus supporting indirect findings of other groups.10 Characteristics of the L-type Ca2+ current in human ventricular myocytes were found to be similar to those in other mammalian species." Therefore, it seemed plausible that K' currents might be altered in cardiac failure. However, until now, sarcolemmal K' currents in human myocardium have only been recorded in atrial cells.12-'4 Single-channel recordings from reconstituted human K' channels could not differentiate between channels isolated from the sarcoplasmic reticulum or the sarcolemmal membrane of the heart.15 The aim of this study was to test the hypothesis that K' currents are altered in ventricular myocytes isolated from hearts of patients with terminal heart failure and that this might contribute to the changes of the action potential in heart failure observed in humans.
Subjects and Methods

Patients
Cells were prepared from 16 hearts of patients with end-stage heart failure due to dilated cardiomyopathy (n=10) or ischemic cardiomyopathy (n=6) undergoing transplantation. Patients To investigate the possible effects of 'to on action potential shape and duration, 3 mM 4-aminopyridine was added to the external solution. Fig 1, C, shows the effects of 4-aminopyridine during the wash-in phase at the time when the notch during phase 1 of the action potential was completely abolished. This was taken as indicative of a complete block of I. During successive recordings, a further increase in action potential duration could be recorded without affecting the shape during phase 1.
Transient Outward K' Current
When isolated myocytes were submitted to 500-millisecond depolarizing clamp pulses after a prepulse to -60 mV from a holding potential of -80 mV, at potentials positive to -20 mV, an early I, could be observed that decayed with time (Fig 2, A) . Details of electrophysiological characteristics of this current have been described elsewhere.17 To precisely detect the peak of this current, experiments were carried out at room temperature (210 to 23°C), because activation was strongly temperature dependent. When recordings were attempted at 35°C, it was not possible to reliably differentiate the peak of the ionic from the capacitance current. After 500 milliseconds of depolarization, inactivation of the time-dependent component of the current was complete at room temperature. Combined intracellular and extracellular substitution of K' with Cs+ completely blocked this I, (not shown). The noninactivating steady-state current had a comparable current-voltage relation as the time-dependent component of 1,0 (Fig 2, B ).
When the current was normalized to cell surface area, the current density, measured on depolarization to +40 digitized (1 to 5 kHz) and stored for off-line analysis.
mV (plateau of the action potential), was significantly FIG 1. Action potential recorded in single cells isolated from an undiseased heart (A) and from the heart of a patient with dilated cardiomyopathy (B). V voltage. Stimulation frequency was 0.5 Hz. Action potential duration in myocytes from patients with heart failure was significantly prolonged (cells: AM40, control; BM4, myopathic). The effects of 4-aminopyridine on the action potential are shown (C). Stimulation frequency was 0.5 Hz at mammalian temperature. During wash in of4-aminopyridine (3 mM), the prominent notch during phase 1 of the action potential was abolished. At the same time, action potential duration was increased by approximately 15% to 20%. During continuous incubation, a further increase in action potential duration could be observed without any significant change of the action potential shape during phase 1.
smaller in cells isolated from hearts of patients with terminal heart failure when compared with control cells. This was true whether the absolute current densities or only the time-dependent components were compared. Steady-state currents at the end of the 500-millisecond pulse were unchanged (Table 1) . Quantitative recordings of I, were done in a total of 60 cells.
Inward Rectifier K' Current
To measure lK1, a prepulse to -30 mV was applied to the membrane to largely inactivate ,to. After this prepulse, the membrane was clamped to voltages between -120 and +60 mV in 10-mV steps for 500 milliseconds. On hyperpolarization to membrane potentials negative to -70 mV, an inward current could be recorded (Fig 3,  A) . At membrane potentials negative to -90 mV, this current was slightly time dependent. It exhibited pronounced inward rectification. Intracellular and extracellular substitution of K+ with Cs+ completely blocked this current (not shown). When cells were superfused with a solution containing 2 mM BaCl2, this inward current was completely blocked (Fig 3, B) . Fig 3, C, (Fig 4,  A) . Twenty-seven cells were investigated with this protocol. In 11 cells, a tail current on repolarization could be recorded. However, in 15 cells, no significant tail current was detectable, and in these cells the current on depolarization was time independent (not shown). Almost no tail currents were recorded in those myocytes isolated from control hearts (n=6). To minimize the influence of current "run-down" on IK, this protocol was always applied 2 minutes after establishing whole-cell recording. Fig 4, B, represents the voltage-dependent activation of the current shown in Fig 4, A, as determined from measurements of current tails. In 11 cells in which a small tail current could be recorded, half-maximal activation of lK was at 7.4+2.1 mV.
To study the time dependence of activation of IK, the membrane voltage was clamped to +40 mV for various durations before repolarization to -20 mV. Activation Of 'K was assessed from current measurements of current tails on repolarization. Fig 4, C , depicts an original recording in a cell in which lK could be recorded. The time dependence of current activation (envelope) is shown in Fig 4, D. At 35°C, this current was completely activated within 250 milliseconds.
Discussion
The duration of the cardiac action potential is controlled by a precise balance of inward currents and outward currents at any given time of the cardiac cycle. Prolongation of the action potential has been shown to be a prominent feature of the heart in states of hypertrophy or cardiac failure in a variety of species.4,5 It has been demonstrated in multicellular preparations of human ventricular myocardium2 and in isolated ventricular myocytes from hearts of patients with severe heart failure.9 However, the cellular basis for such retarded repolarization has remained obscure. Quantitative measurements of currents have been difficult until isolated Original recording from a holding potential of -80 mV Interfering Ca2+ currents were blocked with 0.3 mM CdCl2; temperature was 23°C. After a 100-millisecond prepulse to -60 mV, the cell membrane was depolarized to -30 to +80 mV After the 500-millisecond pulse depolarization, the cell was repolarized to -60 mV B, Plot showing that the I-V relation of the peak current was typical of transient outward current as was the I-V relation of the steady-state current at the end of the pulse. The inset represents the pulse protocol of the original recordings shown in A (cell: KM3, control 'to density was taken as the peak current and steady-state current at the end of a 500-millisecond pulse per square centimeter cell surface after depolarization to +40 mV, assuming a surface area of 10-6 cm2/pF membrane capacity. as a Ca21 channel blocker. Furthermore, a possible effect of Cd21 on K' currents would not weaken our results of a reduced current density in heart failure, because the experimental conditions for current recordings in diseased and undiseased cells were identical.
The functional significance of 'to can best be estimated by considering its time course and size compared with other currents. The peak of the action potential varied between +20 and +50 mV; the plateau was recorded between + 10 and +40 mV (Fig 1) . The current density of I, (9.1 ± 1.0 ,uA/cm2 on depolarization to +40 mV) was rather large when compared with the maximal Ca2+ current density in these cells (3.8±1.2 ,uA/cm2)9. Therefore, it is likely that a major determinant of repolarization is not only inactivation of the 4-aminopyridine.18 Our results show that Ito is decreased in heart failure. Addition of 4-aminopyridine led to an increase in action potential duration of approximately 15% to 20% at a time when the "notch" during phase 1 was abolished. The action potential prolongation was further increased on continuous incubation, presumably because of the effects of 4-aminopyridine on other K+ currents. Furthermore, a significant steady-state current could be recorded at the end of the 500-millisecond pulse. This current had a comparable Ca2`currents were blocked with 0.3 mM CdCl2; temperature was 35°C. After a 100-millisecond prepulse to -30 mV to largely inactivate the transient outward current, the cell membrane was depolarized or hyperpolarized to -120 to +60 mV After the 500-millisecond pulse depolarization, the cell was repolarized to -30 mV On hyperpolarization to membrane potentials negative to -80 mV, an inward current could be recorded that could be blocked by adding 2 mM BaCl2 to the extracellular solution (B). On hyperpolarization to potentials negative to -90 mV, the current was partially time dependent. C, Plot showing that the I-V relation of the peak current was typical of inward rectifier K+ current and showed pronounced inward rectification. The inset represents the pulse protocol of the original recordings shown in A and B (cell: HM13, myopathic). current-voltage relation as the time-dependent component (Fig 2, B) . At this time, it is not clear whether the steady-state current at the end of the 500-millisecond pulse represents a noninactivating part of 'to or if it is a different current.
Alterations of 1,, have been described in rat ventricular myocytes. Some authors have reported a decrease of the current density in animals with acromegaly. 28 Because the Ca 2+ current and outward currents were unchanged in this animal model, prolongation of the action potential was most likely due to the decrease in I. Other authors have described a marked reduction in the current size of 1,. in canine myocytes after large myocardial infarctions. 29 Because of the degree of the current reduction in severe cardiac failure (the peak current was reduced by approximately 36%), it is likely that the prolongation of the action potential is partially due to this reduction of ,to. The specific mechanism by which the current is reduced remains to be elucidated. The current is strongly regulated by a-adrenergic stimulation.30,31 However, most authors could not find an alteration of the a-adrenergic pathway in severe heart failure. 32 Two different types of Ito have been found in other species.33,34 One type has been shown to be Ca21 dependent. It has been demonstrated before that intracellular Ca2' handling is profoundly altered in heart failure.9 One of the prominent features in heart failure is a marked reduction of intracellular Ca21 transients on depolarization. To avoid any possible influence of altered intracellular Ca2' handling on current measurements, intracellular Ca 2+ transients were abolished by block of Ca21 currents using Cd2+ and Ca2+ influx through the Na+-Ca2+ exchange system35 (by intracellular perfusion with a Na+4-free solution). Furthermore, the Ca21 chelator EGTA at a concentration of 5 mM was included in the intracellular perfusion to minimize possible Ca2+-dependent Ito. For (Fig 4) , but in most human ventricular cells investigated, only a minimal or no 'K could be recorded. This is in accordance with results in other species that exhibit a large I,, like rat. In these species, the major current responsible for membrane repolarization appears to be 'to. Therefore, this current differs from the slowly activating outward current (lyS) found in guinea pig ventricular myocytes.36 'K was not observed in any of the cells isolated from nondiseased hearts. Therefore, we did not think that a comparison of current densities of 'K between undiseased and failing ventricular myocytes was appropriate uinder these circumstances.
To prevent any influence of run-down of IK, recordings were started 2 minutes after establishing whole-cell recording. It is unlikely that the small size of 'K measured in human ventricular myocytes was due to rundown during that time, since measurements done immediately after breaking into the cell did not reveal a larger K. These measurements, however, were not used for analysis because buffering of intracellular Ca 2+ required 1 to 2 minutes of internal perfusion with the electrode filling solution (as judged by a complete stop of contraction). However, at the present time, it cannot be excluded that fast run-down occurs, leading to underestimation of 'K even after a short period of internal dialysis.
A large 'K1 that was blocked by Ba`+ could also be recorded in human ventricular myocytes (Fig 3) . Data from human atrial cells have been in conflict with respect to the size of this current. Some authors have found a large 'K1 similar to our results in human ventricular cells13; others have reported a very high input resistance in these cells with hardly any inward current at very negative potentials.'4 The characteristic outward current in the voltage range between -70 and -30 mV was also observed in human ventricular myocytes. Our results indicate that 'K1 is reduced in myocytes isolated from hearts of patients with severe heart failure. This outward current is thought to be responsible for the last 40 mV of membrane repolarization during the action potential. Therefore, the reduction of 'K1 in heart failure may also contribute to the prolongation of the action potential in these cells.
A reduction of 'K1 would be expected to alter the rate of repolarization in the voltage range between -30 and -80 mV. This rate of repolarization was indeed faster in most action potentials recorded from undiseased cells. In the examples shown in Fig 1, A and B Alterations of IK1 and Ii, seem to be important in changing the shape of the action potential in severe heart failure in humans. These currents may thereby have a significant effect on cardiac contractility. However, further work will be necessary to determine whether other currents are involved in action potential prolongation and to clarify their role in human heart failure.
